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摘要 
在全球气候变化愈演愈烈和人为污染日益严重的背景下，海洋生物已经面临
着多重环境压力，特别是海洋酸化和汞污染的耦合现象（燃煤是主要原因），因
此酸化和汞污染的双重胁迫已是全球海洋生态系统（特别是与人类密切相关的近
海生态系统）所面临的普遍环境灾害。虽然酸化和汞污染对海洋生物的各自效应
研究已开展了不少工作，但是只有将二者胁迫综合考虑的研究才能更加真实地反
应出环境生态效应。然而据了解，目前关于海洋生物对酸化和汞污染的耦合现象
的响应和适应研究非常缺乏。海洋桡足类是海洋生态系统的主要次级生产者，是
物质能量传递过程的最重要一环，在海洋食物网中承担着枢纽作用，具有非常重
要的生态功能。此外，桡足类还是海洋环境胁迫研究的良好模式生物。因此，选
取桡足类日本虎斑猛水蚤作为受试对象，本论文研究了多个世代胁迫下酸化和汞
污染对该桡足类体内金属累积以及 7 个重要生活参数（存活率、性别比、无节幼
体发育时间、世代发育时间、12 d 产卵批次、平均产卵数和繁殖力）的影响。同
时利用定量蛋白质组学手段筛选和鉴定酸化和汞胁迫相关的蛋白质组，通过蛋白
质组的功能分析和蛋白相互作用网络的构建等，揭示酸化和汞胁迫对日本虎斑猛
水蚤的作用机理以及该桡足类的响应机制，重点揭示酸化影响汞对日本虎斑猛水
蚤毒性的作用机理。主要的研究结果如下： 
（1）相对于对照组，汞胁迫与酸化和汞污染联合胁迫下日本虎斑猛水蚤体
内汞累积量显著增加，且汞累积量随着世代数的增加而增加。但是相对于单独汞
污染，联合胁迫下日本虎斑猛水蚤体内汞含量显著减少，提示酸化降低汞在该桡
足类体内的累积。 
（2）酸化对日本虎斑猛水蚤的发育、繁殖并无显著影响；汞污染抑制其平
均产幼体量，尤其是 F2 和 F3 世代中抑制效应最明显。相对于单独汞污染，联
合胁迫组的平均产幼体量和繁殖力/12 d 显著增加，表明酸化显著减轻了汞对海
洋桡足类日本虎斑猛水蚤的生殖毒性。 
（3）酸化条件下，日本虎斑猛水蚤的蛋白质组发生了显著变化，主要为桡
足类增加了对蛋白质的吸收和降解，同时降低体内蛋白质的合成，可能是一种适
应性的能量重新分配策略，因此表现出较强的表型可塑性（phenotypic plasticit）；
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汞污染引起日本虎斑猛水蚤的一系列毒性反应，如氧化应激、细胞内环境稳态调
节的异常、以及谷胱甘肽代谢下降等，最终导致该桡足类的繁殖能力受到抑制；
联合胁迫下，酸化能够诱导溶酶体自噬机制去除体内氧化损伤的生物分子（如蛋
白质和酶），从而减轻汞污染对桡足类繁殖能力的毒性效应。 
（4）值得一提的是，酸化或汞污染下，日本虎斑猛水蚤的神经活性受体-
配体相互作用途径表达均显著上调，提示该两种胁迫可能影响桡足类的神经活动
能力，从而导致行为发生异常。 
 
关键词：汞污染；多世代胁迫；海洋酸化；定量蛋白质组学；日本虎斑猛水蚤 
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Abstract 
Currently, the organisms in coastal areas are suffering from multiple environment 
stress due to global climate change and human pollution, which is exemplified by the 
co-stressors of OA and Hg pollution (hereafter coal burning is a primary causation). 
Expectedly, the co-stressors of OA and Hg pollution have been a common 
environmental disaster faced by coastal ecosystems at the global scale. Lots of studies 
have been carried out to investigate the individual effects of OA and Hg pollution on 
marine biota, however, only the works concerning the combined impacts from these 
two stressors can display environmental ecological significance more realistically. 
Nonetheless, very scare information has been presented about the response and 
adaptability of marine organisms in facing the coupled effects of OA and Hg pollution 
by now. Marine copepods are the main secondary producers and play one of the key 
nodes of material and energy transfer in marine ecosystems. Consequently, the 
copepods play a pivotal role in the marine food webs and also have very important 
ecological functions. In addition, marine copepods have been used as a good model 
species in marine stress ecology research. In this work, using Tigriopus japonicus as a 
model organism, we investigated metal accumulation and its impacts on seven 
important life history traits (survival, sex ratio, nauplius phase, development time, 
number of clutch, number of nauplii/clutch and fecundity/12 d) in the copepod under 
the long-term multigenerational exposure to OA and Hg pollution (F0-F3). 
Meanwhile, comparative quantitative proteomic profiling was conducted to screen 
and identify the proteomes associated with the copepod’s responses to OA and Hg 
pollution (alone and combined). Our study was aimed to elucidate the mechanism of 
action for OA and Hg pollution on T. japonicas, as well as the response mechanism of 
the copepod. More importantly, this work was purposed to reveal the mechanism of 
action concerning the OA impacting on Hg toxicity in T. japonicus. The main findings 
are described as following: 
(1) In contrast to ambient condition, both single Hg treatment and the combined 
OA plus Hg exposure significantly enhanced Hg accumulation in the copepod at each 
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generation, furthermore, the Hg accumulation increasing from F0 to F3. Interestingly, 
when compared with Hg treatment alone, the combined exposure of OA plus Hg 
significantly decreased Hg concentrations in the copepod, suggesting that OA tended 
to reduce Hg accumulation in marine copepod. 
(2) The projected near-future OA level displayed negligible impacts on the 
development and reproduction of T. japonicas. However, Hg pollution significantly 
inhibited number of nauplii/clutch, especially in the case of the F2 and F3 generations. 
Both the number of nauplii/clutch and fecundity/12 d were significantly increased by 
the combined exposure in contrast to single Hg treatment, suggesting that OA did 
significantly alleviate Hg toxicity, at least, to reproductive performance in the 
exposure copepod. 
(3) The projected near-future OA condition produced a significant proteome 
change of T. japonicus, mainly exemplified by the increased protein assimilation and 
proteolysis and decreased the proteins synthesis under reduced pH value. The changed 
proteome might probably be an adaptive energy reallocation strategy for T. japonicus 
in fighting against OA, that is, showing a strong phenotypic plasticity. Hg exposure 
caused a range of toxic events, e.g., oxidative stress, cellular homeostasis 
dysregulation, decreased glutathione metabolism, as a consequence, which restrained 
reproductive capability in the treated copepods. Interestingly, under combination, the 
lysosome-autophagy machinery was initiated to remove the oxidative damaged 
biomolecules (e.g., proteins and enzymes) in the copepods, and consequently 
decreased the restrained impact of Hg pollution on reproductive capacity in the 
copepods. 
(4) It should be emphasized that a common KEGG pathway of neuroactive 
ligand-receptor interaction was significantly enhanced under both single OA and Hg 
pollution, indicating that these two stressors potentially resulted in behavioral 
abnormality in the exposed copepods mainly via disturbance of neuronal activities. 
 
Key words: Mercury pollution; Multigenerational stress; Ocean acidification; 
Quantitative proteomics; Tigriopus japonicus 
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缩略词表 
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KEGG Kyoto Encyclopedia of Genes and Genomes 京都基因与基因组百科全书 
N-C Nauplius-copepodie 无节幼体发育时间 
N-A Nauplius-adult 世代发育时间 
PPT1 Palmitoyl-protein thioesterase 1 棕榈酰蛋白硫酯酶 1 
RNA Ribonucleic acid 核糖核酸 
SOD Superoxide dismutase 超氧化物歧化酶 
TCA Tricarboxylic acid 三羧酸 
TEAB Tetraethyl-ammonium bromide 溴化四乙铵 
TMT Tandem mass tag 串联质谱标记 
Tris Hydroxymethyl aminomethane 三羟甲基氨基甲烷 
UNEP United nations environment programme 联合国环境规划署 
UPLC Ultra performance liquid chromatography 超高效液相色谱 
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第一章 前言 
 
1.1 海洋酸化及其生态效应 
1.1.1 海洋酸化 
全球海洋总面积约占地球总表面积 71%，约占地球上总水量的 97%，在全
球物质循环、能量传递、维持物种多样性、保障人类生存等很多方面起着非常重
要的作用。然而，人类活动几乎影响着所有地区的海洋及其生态系统。近年来，
由于人类工业化进程和城镇化速度加快，化石燃料的大量燃烧导致过量 CO2 气
体被排入大气中。海洋作为 CO2重要的汇，每年可吸收其排放量的 1/3，虽然这
很大程度上缓解了大气中 CO2 浓度的增长趋势，但是大量 CO2 的溶解却引起海
水 CO2分压升高、pH 持续下降的现象，也就是海洋酸化（Ocean acidification）。 
自然海水呈弱碱性, pH 值大约为 8.1 左右，海水吸收 CO2后会导致其碳酸盐
系统发生变化，溶解于海水中的 CO2 与碳酸盐离子（CO3
2-）进行化学反应，通
过水解作用增加了海水中的碳酸氢根离子（HCO3
-）浓度。海水持续吸收 CO2后
碳酸氢根离子浓度继续增大，造成碳酸氢根离子分解，最终导致海水中的氢离子
（H+）浓度增大，海水的 pH 值下降[1, 2]，具体反应化学方程式如下： 
 
CO2 + CO3
2-
 + H2O     2HCO3
-
                 （1-1） 
HCO3
-        
H
+ 
+ CO3
2- 
                     （1-2） 
 
工业革命之前大气中 CO2浓度大约为 280 μatm 左右，然而目前大气中 CO2
浓度已经突破 400 μatm[3]，这可能是过去 80 万年以来的最高浓度[4]，并且将会以
更快的速度继续增加。数据显示，从工业革命以来，全球大洋已经吸收了 5.6 亿
t CO2，这导致大洋表面海水酸度升高了 30%，pH 下降了 0.1 个单位
[5, 6]。据国际
间气候变化专门委员会（IPCC，2007）预测，大气中 CO2 浓度在本世纪末（即
2100 年）将会超过 1000 μatm，海水 pH 将会随之下降 0.3-0.5 个单位，届时，海
水表层 pH 将下降到 7.8-7.9 [7]（图 1-1）。自 2003 年《Nature》杂志首次提出“海
洋酸化”（Ocean acidification）这一术语后，海洋酸化对海洋生物及其生态系统
（特别是跟人类密切相关的近海生态系统）的影响成为未来几十年海洋科学领域
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研究的热点和重点。 
 
  
图 1-1 1985 -2100 年海洋中溶解性 CO2浓度与 pH 变化曲线图 
Fig. 1-1 Dissolved CO2 concentration and pH variation in ocean from 1985 to 
2100 
 
1.1.2 海洋酸化对海洋生态系统的影响 
英国皇家协会描述，海水的 pH 值是海洋生态系统的关键要素，即使细微变
化都将对海洋化学产生深刻影响，因此酸化势必会对海洋生物及其生态系统产生
深远的影响[8]。当前海洋酸化效应的研究主要考虑海水 CO2 分压升高、pH 下降
等变化对海洋生物生理过程的影响，大多数研究主要集中于酸化对多种钙化动物
如珊瑚、颗石藻等钙化过程的影响。研究结果表明酸化不仅导致海水 pH 下降，
还会使碳酸钙饱和度下降[9]，形成腐蚀性环境，从而显著影响钙化生物的钙化速
率，使其难以形成并维持碳酸盐骨骼[10, 11]。近年来，越来越多的研究开始关注酸
化对其它非钙化生物的影响，其中比较关键的是酸化对海洋无脊椎动物生活史早
期阶段的潜在影响，因为幼体实际上可能会特别敏感。Kurihar 和 Michaelidisa
分别报道了地中海贻贝受海洋酸化的影响，出现生长发育放缓的现象[12, 13]。
Dupont 等人证实海水 pH 下降 0.2 个单位导致东大西洋关键种 Ophiothrix fragilis
幼虫的死亡率在 8 d 内达到 100%，如果海洋按照预测的趋势继续酸化，由该关
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